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IZVLEČEK  
Proces valjanja je eden najpogosteje uporabljenih postopkov preoblikovanja kovinskih 
materialov. V praksi se najpogosteje uporablja postopek simetričnega valjanja, lahko pa se 
uporablja tudi postopek asimetričnega valjanja. Asimetrični način valjanja se lahko izvede na 
več različnih načinov. Na proces valjanja ima asimetrija pozitiven vpliv tako v tehnološkem 
kot tudi ekonomskem smislu. 
V okviru magistrske naloge smo raziskovali asimetrično valjanje aluminijeve zlitine EN AW-
5454. Za predvidene načine valjanja smo pri podobnih pogojih in vhodnih parametrih izdelali 
simulacije valjanja. Na laboratorijskem valjalnem stroju smo izvedli simetrično kot tudi 
asimetrično valjanje in različne izhodne parametre valjanja primerjali med seboj. Na 
deformiranih vzorcih smo izvedli toplotno obdelavo. Vzorce smo žarili do mehkega stanja. 
Na deformiranih kot tudi na toplotno obdelanih vzorcih smo za ugotovitev vpliva 
asimetričnega valjanja na mehanske lastnosti izvedli več različnih mehanskih preizkusov. 
Izvedli smo natezni preizkus, test plastične obremenitve in merjenje trdote. Spremembe 
mehanskih lastnosti smo analizirali s pomočjo metalografije, kjer smo uporabili optični 
mikroskop (LOM) in vrstični elektronski mikroskop (SEM).  
 
Ključne besede: asimetrično valjanje, aluminijeve zlitine, mehanske lastnosti 
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ABSTRACT  
Rolling is as one of the most commonly used metal forming processes. In industrial practice, 
symmetric rolling technology is usually used. Nevertheless, it is possible to conduct an 
asymmetric rolling process. Introducing asymmetry in the rolling process is possible via 
different means. Asymmetry imparts changes in the technical and in the economical aspect of 
the rolling process.     
In the framework of this master thesis, the asymmetric rolling of EN AW-5454 aluminium 
alloy was investigated. For the planned rolling types, numerical simulations with similar 
conditions and entry rolling parameters were conducted. Symmetric and asymmetric rolling 
experiments were performed on a laboratory rolling mill and the exit obtained parameters 
were compared. The deformed workpieces were heat-treated and annealed. Different 
mechanical tests were performed on both the heat-treated and the deformed samples to find 
out the influence of asymmetric rolling on the resulting properties. Tensile, plastic strain ratio 
and hardness tests were performed respectively. Standard sample preparation procedures were 
applied to the samples subjects. Investigations of light optical and scanning electron 
metallography were carried out.  
 
Key words: asymmetric rolling, aluminium alloys, mechanical properties 
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ŠIRŠI POVZETEK VSEBINE Z DOSEŽKI IN UGOTOVITVAMI  
V teoretičnem delu magistrske naloge smo podrobneje raziskali asimetrično valjanje. 
Asimetrijo v valjalnem procesu je možno zagotoviti na različne načine. Izpostaviti gre 
valjanje z različnimi hitrostmi vrtenja zgornjega in spodnjega valja ter valjanje z samo enim 
gnanim delovnim valjem. Pri navedenih načinih asimetričnega valjanja tako prihaja do razlik 
v kinetiki. Prav tako lahko razlike v valjalnem procesu zagotovimo z geometrijo valjev. 
Takšen primer je valjanje z različnimi premeri delovnih valjev. Ključnega pomena pri 
valjanju, kot procesu preoblikovanja, je trenje. Asimetrično valjanje lahko izvedemo tudi z 
razlikami med trenji na različnih površinah. Za navedeno se pogosto uporabi mazivno 
sredstvo, ki ga nanašamo samo na površino enega delovnega valja. Asimetrično valjanje ima 
določene prednosti glede na simetrično valjanje. Zagotavlja tehnološke in ekonomske 
izboljšave, kot tudi boljše mehanske lastnosti obdelovanega materiala. Pri asimetričnem 
valjanju so sile valjanja, za enake ali večje stopnje deformacije v primerjavi s simetričnim, 
manjše. Posledično se tudi zmanjša obraba valjev. Eden ključnih parametrov asimetričnega 
valjanja je tvorjenje večjih strižnih napetosti in deformacij, ki so vzrok za tvorbo fino zrnate 
mikrostrukture po celotnem preseku obdelovanca. S simetričnim valjanjem tega ni moč 
doseči. Fino zrnata mikrostruktura rezultira v izboljšanju mehanskih lastnosti obdelovanega 
materiala. Izboljšanje mehanskih lastnosti si lahko razložimo tudi s kristalografskimi 
teksturami. Pri asimetrično valjanih obdelovancih se namreč tvorijo drugačne teksturne 
komponente, kot pa jih lahko zasledimo pri simetrično valjanih obdelovancih. 
Eksperimentalni del magistrske naloge je zajemal numerične simulacije predvidenih načinov 
valjanja. Pri simulacijah oziroma modeliranju smo upoštevali podobne dimenzije in 
parametre, kot so se pojavili pri laboratorijskem valjanju. Laboratorijsko valjanje smo izvedli 
na laboratorijskem valjalnem stroju. Za obdelovance smo uporabili iz vroče valjanega traku 
izrezane plošče aluminijeve zlitine EN AW-5454. Valjali smo tako simetrično kot tudi 
asimetrično. Izvedli smo šest različnih načinov valjanja. Dva načina valjanja sta bila 
simetrična. Višini valjčne reže sta bili nastavljeni na 4,0 mm in na 3,1 mm. Pri omenjenih 
nastavitvah višine valjčne reže smo skupno izvedli šest različnih načinov valjanja. Za 
asimetrični način valjanja smo izbrali valjanje z različnimi hitrostmi vrtenja zgornjega in 
spodnjega delovnega valja. Razmerja asimetričnosti vrtenja zgornjega in spodnjega valja sta 
bili 1,5 (10 obratov/min-15 obratov/min) in 2,0 (10 obratov/min-20 obratov/min). Za vsakega 
od šestih različnih načinov valjanja smo zvaljali tri plošče. Zvaljani material smo uporabili 
tudi za izvedbo toplotne obdelave, ki je zajemala ogrevanje in zadrževanje na 400 °C za 1 h, 
torej žarjenje do mehkega stanja. Deformiran in toplotno obdelan material smo uporabili za 
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različne mehanske preizkuse. Izvedli smo natezni preizkus, kjer smo različno orientirane 
vzorce glede na smer valjanja potrgali in določili natezno trdnost Rm, dogovorno napetost Rp0,2 
in raztezek A50. Vrednost plastične obremenitve oziroma Lankfordov faktor r smo določili s 
preizkusom plastične obremenitve, kjer različno orientirane vzorce glede na smer valjanja 
nismo potrgali, temveč zgolj obremenili in z začetnimi in končnimi dimenzijami 
preizkušancev preračunali omenjeni faktor. Na vzorcih smo izmerili tudi trdoto po Brinellu 
HB. Merili smo na zgornji in spodnji površini glede na smer valjanja, kot tudi po prečnem 
preseku. Rezultate mehanskih lastnosti smo podkrepili z metalografskimi analizami na 
optičnem mikroskopu (LOM) kot tudi na vrstičnem elektronskem mikroskopu (SEM). Pri 
optičnem mikroskopu (LOM) smo bili pozorni na velikost kristalnih zrn in homogenost 
mikrostrukture skozi presek obdelovanca. Z vrstičnim elektronskim mikroskopom (SEM) smo 
s pomočjo difrakcije povratno sipanih elektronov (EBSD) ugotovili nastale teksturne 
komponente. 
Z numeričnimi simulacijami smo ugotovili, da se učinek upogiba obdelovanca pojavi zgolj pri 
asimetričnih načinih valjanja. Prav tako smo s simulacijami vseh zastavljenih načinov valjanja 
analizirali napetostna stanja v deformacijskem območju in predstavili razlike znotraj le teh 
med simetričnim in asimetričnim valjanjem. Z izračunom deformacije iz izmerjenih začetnih 
in končnih dimenzij obdelovancev smo ugotovili, da smo z asimetričnim valjanjem dosegli 
večje deformacije, kot s simetričnim valjanjem. Hkrati smo iz zabeleženih sil valjanja 
ugotovili, da so bile za dosego enakih ali večjih stopenj deformacij pri asimetričnem valjanju 
potrebne manjše sile. Z analizo, pri asimetričnih načinih valjanja, nastalega učinka upogiba 
smo z dolžino upognjene površine in kotom upogiba ugotovili, da ima faktor asimetrije večji 
vpliv na učinek upogiba kot stopnja deformacije. Z asimetričnim valjanjem smo v primerjavi 
s simetričnim valjanjem dosegli boljše mehanske lastnosti, kar gre potrditi z višjo natezno 
trdnostjo in dogovorno napetostjo deformiranih, kot tudi toplotno obdelanih vzorcev. Kljub 
temu, da se po asimetričnem valjanju pojavi višja anizotropija, predvsem v diagonalni smeri 
na smer valjanja, je le ta po žarjenju do mehkega stanja v večji meri izničena in bistveno 
manjša kot v primeru simetričnega valjanja. To je še posebej razvidno pri višjih stopnjah 
deformacije. Trdota materiala pri asimetrično zvaljanih vzorcih je v obeh primerih deformacij 
po toplotni obdelavi višja, kot trdota simetrično zvaljanih vzorcev. Bistvenega pomena je 
manjše odstopanje od povprečnih vrednosti trdote po celotnem preseku valjanca pri 
asimetričnem valjanju. Prav tako je opazna večja homogenost velikosti kristalnih zrn skozi 
prečni presek asimetrično zvaljanih vzorcev. Hkrati se povprečna velikost kristalnega zrna 
manjša z večjo stopnjo faktorja simetričnosti. Kljub prevladujočemu deležu rekristalizacijskih 
v 
 
teksturnih komponent, se pri asimetrično zvaljanih vzorcih pojavlja večji volumski delež 
strižnih teksturnih komponent, kot pri simetričnih vzorcih. Le to ključno vpliva na 
učinkovitejšo toplotno obdelavo in ohranjanje višjih mehanskih lastnosti asimetrično 
zvaljanega materiala po njej v primerjavi s simetričnim.    
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1 Introduction 
Metal forming is one of the key process groups belonging to metallurgy. In the metalworking 
industry, the most commonly used metal forming technique is rolling. Rolling is widespread 
because of its ability to form a large range of materials. Among these materials, metals are the 
most prominent. While rolling is possible for a wide variety of metal groups, the most 
commonly rolled metals are steels and aluminium alloys. Steels and aluminium alloys are also 
competing materials in the automotive industry. Aluminium alloys’ attempt to penetrate the 
transportation industry was aided by asymmetric rolling. Deliberately introduced asymmetry 
in the rolling process imparts higher effects for the forming process, where it is important to 
highlight the reduction of the rolling force needed to reach the same or even larger 
deformation ranges. Asymmetric rolling is supposed to create shear deformation components 
in the formed material, which would provide better mechanical properties than in parts 
produced by symmetric rolling. The material properties are influenced by the microstructure, 
hence the need to investigate the reasons for improved mechanical properties in the 
microstructures of asymmetrically rolled samples. The microstructure of asymmetrically 
rolled workpieces should normally be composed of smaller grains than those created during 
symmetric rolling. At the same time, higher grain size homogeneity over the cross section is 
expected for asymmetrically rolled specimens, while a more prominent difference in grain 
size in the centre and on the contact sections can be observed for symmetric rolling. The 
appearance of asymmetrically rolled crystallographic texture is completely different from that 
of symmetrically rolled specimens. Because of the presence of shear deformations, different 
texture components can be observed connecting in different texture fibres. After heat 
treatment, there are observable texture changes of different intensity in both symmetrically 
and asymmetrically rolled conditions. The introduction of asymmetry to the rolling process 
can be achieved by different means, and the most prevalent are changes in kinetics, 
dimensional and friction sections of the process.  
In this master thesis asymmetric rolling of EN AW-5454 aluminium alloy is presented. Cold 
symmetric and asymmetric rolling on previously hot rolled sheet was performed. Asymmetric 
rolling was performed with different rotation speed of the rollers. Numerical simulations were 
performed prior to any laboratory experiments. The impacts of asymmetric rolling on the 
mechanical properties were determined using different mechanical tests. Mechanical testing 
was performed on samples in both the deformed and heat-treated conditions. The heat 
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treatment was performed by annealing and cooling in the air in order to reach a soft condition. 
For the evaluation and explanation of the variation of mechanical properties, metallographic 
analyses were performed with the use of light optical and scanning electron microscope.                     
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2 Theoretical part 
2.1 Basics of metal rolling 
Rolling is a bulk forming process where the cross section of a metal workpiece is 
continuously changed while passing through oppositely rotating rollers. The set roll gap is 
smaller than the entry thickness of the metal workpiece. Rolling is classified as a thickness 
reduction process where the major stresses applied are of compressive nature, which directly 
or indirectly leads to the forming of a multiaxial stress state. Rolling processes are used to 
produce finished parts, as well as semi-finished parts, with metal sheets considered as the 
most prominent product. The illustration of symmetric rolling in 2D and 3D is presented in 
figure 1. [1,2] 
 
a 
 
b 
Figure 1: Symmetric rolling - (a) 2D illustration; (b) 3D illustration 
Asymmetric rolling as a method was studied with the purpose of introducing larger plastic 
deformations in the material to be formed. At first, asymmetric rolling was not used often. It 
was limited to the production of new special materials. With the introduction of materials with 
very fine grain sizes, asymmetric rolling started being used more often to form steel, 
aluminium and other metal alloys. Asymmetric rolling is commonly employed for the 
production of sheets and strips with smaller dimensions. All around the world, asymmetric 
rolling processes are being used to improve the mechanical properties of finished and semi- 
finished products. On the list of properties improved by asymmetric rolling are hardness, 
ductility, toughness, formability and electrical conductivity. Crucial for any improvement of 
the mentioned physical and mechanical properties is the very fine-grained microstructure. 
Asymmetric rolling does not only improve the mechanical properties of the finished and semi-
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finished products, it also influences the rolling process and its parameters. In most cases, 
asymmetric rolling decreases the total rolling torque and rolling force. The decrease of the 
rolling force can lead to higher reductions of material thickness at lower number of passes. It 
is notable to state that a decrease of the rolling force enables the rolling of steels with high 
tensile. Finally, the decreased rolling force impacts the subsequent heat treatment processes. 
With heat-treated asymmetrically rolled workpieces, less energy is needed to achieve the 
required mechanical properties. [1,3-6]                               
Asymmetry in the rolling process is achievable via changes in geometry. In this case, rollers 
with different dimensions are used. It is also possible to rely on kinetics where the asymmetry 
is achieved by varying the rotation speed of the top and bottom rollers. For this type of 
created asymmetry, a single drive roller can also be employed. By using lubricants during 
rolling or just by employing the mentioned geometrical and kinetics approaches, it is also 
possible to provide asymmetry by varying the friction between the rollers and the workpieces. 
Needless to say, asymmetry can be introduced by a combination of the aforementioned 
mechanisms. Unintentionally introduced defects for asymmetry are inconsistencies in the 
workpiece exit dimensions or even damages to the work rollers or the rolling mill. [1,3,4]    
2.2 Categories of asymmetric rolling 
In the metal working industry, four basic methods of asymmetric rolling are most common: 
using a single drive roller, varying the rotation speed of the work rollers, rolling with different 
dimensions of rollers (most often different rollers’ diameters), and the use of different 
lubrications. [4] 
2.2.1 Rolling with different rotation speed of rollers   
When a variation in the rotation speed of the work rollers is used to impart asymmetry, an 
uneven distribution of longitudinal velocity can be created, which has a significant effect on 
the changes in the workpiece’s thickness. Rolling with different speeds of the upper and the 
lower roller has an impact on the surface of the workpiece, where the shear stresses are 
introduced at speed differences starting from 5 m·s-1. At the aforementioned velocity, the 
friction differences and constant shear stresses on the surface are noticeably higher. When 
decreasing the rolling torque, the velocity differences have a much larger impact than the roll 
dimension differences. Moreover, a larger difference between the velocity of the upper and 
the lower work roller contributes to a greater reduction of the rolling force. The mentioned 
increased speed difference between the rollers also results in the creation of longer shear 
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deformation areas. Asymmetric rolling with a large speed difference between the upper and 
the lower roller on thin workpiece areas decreases shear stresses and establishes normal 
contact stresses, which is beneficial for reaching the required dimensions. The described 
asymmetric type of rolling with illustrations in 2D and 3D is presented in figure 2. [3,7] 
 
a 
 
b 
Figure 2: Asymmetric rolling with different speed of rollers - (a) 2D illustration; (b) 3D 
illustration 
2.2.2 Rolling with different diameters of rollers 
The rolling process where asymmetry is provided via different diameters of the upper and the 
lower rollers results in a strongly bent workpiece. This problem can be compensated for with 
a different rotation speed of the rollers. In this kind of asymmetric rolling, the speed of the 
smaller roller must be slower. Even very small differences in diameters between the upper and 
the lower work roller lead to the bending of the workpiece. More significant bending is visible 
at diameters differences of 10 mm. In general, the decrease in the rolling force and the rolling 
torque is the same also with asymmetric rolling with different roller diameters. With this type 
of asymmetric rolling, the rolling force at 50 % of deformation could be reduced by 40 % 
when compared to that in symmetric rolling. The created shear stresses are, as in all other 
asymmetric rolling processes, visible in shear deformations components. When asymmetry is 
introduced, shear deformations move from the contact surface of the smaller roller and 
workpieces to the contact surface of the bigger roller and workpiece. With this kind of 
asymmetric rolling, the microstructure of the workpiece is much more homogeneous because 
the grain sizes are quite similar from the centre to the contact surface of the smaller roller. 
Even finer crystal grains arise at the contact surface of the workpiece and the larger roller. In 
these areas or sections with asymmetric rolling with different diameters of rollers, the rolling 
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forces and deformations are significantly larger. The microstructure arisen by asymmetric 
rolling was different than by symmetric rolling, where grains are smaller at the surfaces than 
in the centre. 2D illustration and 3D illustration of asymmetric rolling with different roller 
diameters are shown in figure 3.  [4,5] 
 
 
a 
 
b 
Figure 3: Asymmetric rolling with different diameters of rollers - (a) 2D illustration; (b) 3D 
illustration 
2.2.3 Rolling with a single drive roller 
Asymmetric rolling as a possible method to improve the mechanical properties in different 
metal alloys can also be performed with a single drive roller. With this kind of asymmetric 
rolling, where in most cases the upper roller is not driven, problems with the gripping of the 
workpiece are common. The most frequent problems with a single drive roller are the bending 
of the workpiece, the earing and the fish tail, which arise because of the workpiece edge 
waves. The formation of the edge surfaces depends on the frictional and geometrical 
conditions. The lateral side profiles are caused by the sticking of the workpiece in the 
deformation zone. The rolling process with a single drive roller results in a microstructure 
with high shear deformations which can be reduced with the use of lubricants. When 
observing the roll gap, it is noticeable that the compressive forces with asymmetric rolling 
with a single drive roller are smaller than in other presented geometric or kinetic asymmetric 
rolling types. The rolling forces at rolling with a single drive roller can be 10-15 % smaller 
compared to both driven rollers. The friction coefficient on the not driven roller for 
aluminium at asymmetric rolling can decrease to 0.062. As a consequence, longitudinal 
tension stresses arise on the contact surface between the not driven roller and the workpiece. 
At the same time, the longitudinal tension stresses can be encouraged by the decreasing of the 
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normal contact stresses. It is possible to achieve larger deformations and a correct velocity 
rate between the driven roller and the not driven roller. The contact stresses can also cause the 
slipping of the workpiece. The forward or backward slip result from a change in the length of 
the contact area and consequently also in the deformation zone. The increase of friction is 
bigger in a forward slip. A drawback of rolling with a single drive roller is the uneven wear of 
rollers and workpieces, leading to a small increase in abrasive wear which has a negative 
impact on the oxide formation. That impact is so small that it can be ignored in most cases. 
Illustrations in 2D and 3D form for asymmetric rolling with a single driven roller are shown 
in figure 4.  [2,4,6,7]             
 
 
a 
 
b 
Figure 4: Asymmetric rolling with single driven roller - (a) 2D illustration; (b) 3D illustration           
2.2.4 Rolling with the use of lubricants 
Strong effects of contact friction which appears with certain methods of asymmetric rolling 
can be reduced with the use of lubricants. Effective lubricants can be applied between the 
workpiece and the roller on the entire surface or only on specifically determined sections. 
With the application of a lubricant between the roller and the workpiece, the friction is 
reduced. The use of lubricants imparts an inequality in the longitudinal dimensions. 
Asymmetrical rolling process with a single drive roller can be upgraded with the use of 
lubricants. However, the implementation of such systems is not simple. With the use of 
lubricants at asymmetric rolling, it is also possible to control the bending of the workpiece. 
The use of lubricants does not provide a straight asymmetrically rolled workpiece as it 
influences the formation of the bending of the workpiece. In the case of asymmetric rolling, 
the applied lubricant will have different effects on the lower and the upper roller. Using a 
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lubricant on the upper roller will cause the workpiece to bend downwards towards the rolling 
table. On the other hand, using a lubricant on the lower roller will bend the workpiece 
upwards. A drawback of the use of lubricants is the possibility of occurrence of surface 
contamination. In figure 5, 2D and 3D illustrations for asymmetric rolling type with the use of 
lubricants are presented. [4,7] 
 
a 
 
b 
Figure 5: Asymmetric rolling with the use of lubricants - (a) 2D illustration; (b) 3D 
illustration 
2.3 Comparison between symmetric and asymmetric rolling  
When comparing symmetric and asymmetric rolling processes, the advantages of asymmetry 
in the forming process is quickly evident. In general, asymmetric rolling improves the 
productivity of the forming process, reduces the rolling forces and the rolling torques. The 
improvements also have a good impact on the final workpiece surface. The efficiency of the 
plastic’s deformation is at the same thickness reduction larger for asymmetric rolling than for 
symmetric rolling. For the deformation of 50 %, it is possible that asymmetric rolling would 
require 40 % lower rolling force as symmetric rolling for the same rate of deformation. Shear 
deformation created at symmetric rolling process is different than the one created at 
asymmetric one. Shear deformations are larger in asymmetric rolling, while compressive 
deformations are larger at symmetric rolling, with the exception of asymmetric rolling with 
different diameters of rollers, where compressive deformations on the larger roller are 
comparable with those created in symmetric rolling. Asymmetrically rolled products have 
different microstructures and textures than symmetrically rolled products. The symmetric 
rolling process is not as effective at the production of small grains as asymmetric rolling. 
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Consequently, asymmetric rolling processes produce finer microstructure than symmetric 
rolling process. [3,4,6-11] 
With the symmetric rolling of aluminium, where the roller diameters are in the range of 100 
mm, the values for friction coefficient for 20 % to 30 % of deformation are between 0.063 and 
0.079. Compared to the asymmetric rolling type with a single drive roller, these values are 
much smaller for the driven roller and a bit smaller for the not driven roller. The friction 
coefficients are for a single drive roller 1.07 to 1.35 times bigger as in the case of symmetric 
rolling. Friction changes cause a decrease of the normal stresses in the deformation section. 
Different friction coefficients also appear at asymmetric rolling with a different rotation speed 
of rollers, which has a big impact on the kinetic parameters of the deformation, especially for 
aluminium. [7,8] 
2.4 Roll gap and mechanics in deformation zone 
With symmetric longitudinal rolling, the workpiece with entry dimensions of length, width 
and thickness is moved towards the entry and comes in contact with the rotating work rollers 
in point A0 for the upper roller and in point B0 for the lower roller. When the contact is made, 
the leading edge of the workpiece enters the deformation zone because of the friction forces 
exerted by the work rollers on it. At the exit of the deformation zone at point A1 for the upper 
roller and at point B1 for the lower roller, the dimensions of the workpiece are changed. The 
distance between the entry and exit points presents the length of the deformation zone ld. The 
cross section or vent between the upper and the lower work rollers on the exit of the 
deformation zone is called a roll gap. Figure 6a presents the roll gap at symmetric rolling with 
marked entry and exit points. During the rolling process, an active roll gap will be created. 
The shape of the active roll gap is created by the displacement of the rollers, deflection of the 
rollers, flattening of the rollers, mechanical crown, thermal crown and the wear of the rollers. 
The shape of the roll gap defines the exit dimensions and the geometry of the workpiece. [2,7] 
Because of larger reductions on the upper surface of the workpiece which is a consequence of 
a higher rotation speed of the upper roller, the neutral point moves in the direction closer to 
the exit of the roll gap. In the same way, the lower neutral point will move in the opposite 
direction, that is closer to the entry of the deformation zone, as a consequence of an 
unchanged energy balance. The mentioned changes of the deformation zone for asymmetric 
rolling with faster rotation speed of the upper roller are visible in figure 6b. Between the two 
neutral points, which are in vertical in different positions, a cross shear section will be 
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created. The plastic deformation zone is divided into three sections which are in accordance 
with the direction of the friction forces on the workpiece by the upper and the lower rollers. 
Section I represents the entry section of the roll gap where the strains and stresses are normal. 
The same normal strains and stresses, with very rare shear forces, appear in section III on the 
exit side of the roll gap. In section II shear strains and stresses appear. In the case of 
asymmetric rolling with a higher rotation speed of the lower roller, the positions of neutral 
points according to the entry and exit section will be switched. The mentioned case is 
presented in figure 6c. [3]      
 
a 
 
b 
 
c 
Figure 6: Deformation zone - (a) symmetric rolling; (b) asymmetric rolling with a faster 
upper roller; (c) asymmetric rolling with a faster lower roller 
Contact compression forces have a key impact on the reduction of workpiece thickness. At 
smaller reductions, maximum compressive forces are present near the entry of the roll gap. 
For higher reductions, it is typical that the maximum compressive forces appear when the 
workpiece is near the exit of the roll gap. With variations of different rolling parameters, we 
can affect the longitudinal velocity of the workpiece in the deformation zone. In this case, the 
velocities of the workpiece in the vicinity of the upper and the lower roller are not the same. 
At the same time, changes at critical angle and a slip of the workpiece will occur. [3,4,6]                         
2.5 Formability effects of asymmetric rolling 
The reduction of the rolling force with asymmetric rolling has a major preference in creating 
very high deformations in the material where microstructures with very fine grains are 
created. These microstructures of the workpiece provide a material with high strength. The 
deformations of asymmetric rolling result in strong shear components on the contact surfaces 
as well as in the centre section of the workpiece. One of the shear components effects is that 
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their presence provides uniform plastic deformation throughout the whole workpiece 
thickness and at the same time creates much more deformed grains in some sections as 
symmetric rolling. On these kinds of deformed microstructures, more nuclei for 
recrystallization or possibly phase transformation are present. One of the drawbacks of 
asymmetric rolling is the bending of the workpiece (ski-effect). As a consequence, formed 
bulges, bents and curvatures on the workpieces must be restrained or removed. This 
geometrical problem can be controlled with the slope of the rolling table. Friction forces are 
created in the contact areas between the rolled workpiece and the rollers. Friction is 
established as a result of the workpiece sticking forces during the moving of the contact 
surfaces between the rollers and the workpiece. Friction as a force can work in all directions 
in the contact section. This means in longitudinal, transverse and vertical direction. The 
friction coefficient has an especially big influence on the formability of the material, rolling 
temperature, rolling velocity and the surface properties of the rollers. Friction has a major and 
big impact on the gripping condition. The spreading of the workpiece is created by friction 
forces in transverse direction. The friction factor is increased in the entry and on the exit of 
the deformation zone. In the neutral location of the deformation zone, the friction coefficient 
is almost non-existent. [2,4,6,12-14]                    
2.6 Microstructures and textures with asymmetric rolling   
For aluminium alloys with silicon as the major alloying element which are 4000 and 6000 
series, it is common to obtain βSi in the microstructure. The crystals of βSi are visible in the 
microstructure as needles or globules which are seen separate from the matrix. βSi 
polycrystalline rises with a twinning mechanism in the priority crystallographic plane {111} 
which is typical for aluminium alloys. Repetitive twinning mechanisms expand on the 
mentioned crystallographic plane in a crystallographic direction <211> which is also typical 
and priority for aluminium alloys with the addition of silicon. Changes are visible only in the 
intensity of the twinning mechanism, the range of diversity and the distance between the 
created parts. The microstructure of the symmetrically rolled workpiece is homogenous and 
consists of large grains. In asymmetrical rolling, the microstructure appears more deformed, 
especially in areas near local deformations of the faster roller. A comparison of asymmetric 
rolling with different rotation speeds of the roller and asymmetric rolling with different 
diameters of the roller shows that for the first type shear components in the microstructure are 
larger and present in the whole cross section of the thickness. The second type, however, has 
shear components in the microstructure which do not penetrate so deep. Symmetric rolling of 
12 
 
aluminium alloys often develops a texture with β-fibres which consist of texture components 
on crystallographic plane {011} and direction <211>, crystallographic plane {123} and 
direction <634> and crystallographic plane {112} and direction <111>. With asymmetric 
rolling it is expected to obtain shear texture in crystallographic direction <110> with more 
components and in crystallographic direction <111> with fewer components. All major 
texture components of face centre cubic materials are mentioned in table 1. In table 2, the 
main fibres characterizing textures in aluminium alloys are presented. Some typical texture 
components and fibres are in Euler space presented in figure 7. Aluminium sheets with shear 
textures in crystallographic directions <111> which are parallel to the normal direction of the 
sheet are much more ductile. After hot rolling or heat treatment, in most of the examples 
annealing, β-fibres and shear textures contribute different recrystallized textures in the centre 
and also on the surfaces of the workpiece. For some different deformed texture with β-fibres 
and shear texture it is possible to perform a combination of symmetric and asymmetric 
rolling. The mentioned type of forming is in most cases applicable for Al-Si-Mg alloys. 
Certain specificities appear with Al-Mg alloys which belong to 5000 series. With the 
mentioned alloys, deformations higher than 50 % are not suitable to create shear 
crystallographic textures. The mentioned deformation range is more suitable to create a 
microstructure with fine crystal grains. Portevin-Le Chatelier effect is a negative 
microstructure proportion which can appear during rolling processes. The mentioned effect is 
typical for aluminium series 5000 and with solid solutions arises at room temperature. 
Portevine-Le Chatelier effect causes localization of deformations and is in this way inversely 
proportional to the deformation range, which drastically decreases the formability of the 
material. The mentioned effect begins to run at critical deformation values of non-
homogenous materials, and on strain-stress diagram it is visible as a jagged curve. As a 
solution to avoid the described problematic effect, the forming process is performed at higher 
temperatures. [1,4,6,15-21] 
Table 1: Major texture components in FCC material [18] 
Designation  Miller indices Euler angles Texture type 
 
Crystalographic 
plane  
{hkl}  
Crystalographic 
direction 
<uvw> 
φ1 Φ φ2  
C - Copper {112} <111> 90 35 45 
Rolling 
texture 
components 
S {123} <634> 59 34 65 
B – Brass {011} <211> 35 45 0 
D - Dillamore {4411} <11118> 90 27 45 
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H {001} <110> 0 0 45 
Shear texture 
components 
E {111} <110> 60 54.7 45 
F {111} <112> 90 54.7 45 
Cube {001} <100> 0 0 0 
Recrystallized 
texture 
components 
G-Goss {110} <001> 0 45 0 
R {124} <211> 53 36 60 
P {011} <112> 65 45 0 
Q {013} <231> 58 18 0 
 
 
  
Figure 7: Typical crystallographic texture components and fibres in Euler space [21] 
Table 2: Main fibres characterizing texture in aluminium alloys [18] 
Fibre Position 
Common axis of 
orientations 
α // to φ1, Φ = 45° and φ2 = 0° <011>//ND 
β 
Skeleton line connecting C, S 
and B orientations 
None 
τ // to φ1, Φ = 45° and φ2 = 90° <011>//TD 
γ // to φ1, Φ = 54,7° and φ2 = 45° <111>//ND 
θ // to φ1, Φ = 0° and φ2 = 45° <001>//ND 
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3 Experimental part 
3.1 Description of aluminium alloy EN AW-5454 
Aluminium alloy with the standard designation EN AW-5454 consists of aluminium (Al) and 
magnesium (Mg) as main alloying element. As alloy elements there are also manganese (Mn) 
and chromium (Cr) in smaller quantity, but with important percentage. The chemical 
composition of EN AW-5454 with the individual range for elements is given in table 3. The 
presented aluminium alloy has different designations in different standards, known as A5454, 
ISO AlMg3Mn or Al2.7Mg0.8MnCr. For the different designations listed, the chemical 
composition in table 3 is not necessarily a full match. [22]  
Table 3: Chemical composition of EN AW-5454 [22] 
Element (Symbol) wt. % 
Magnesium (Mg) 2.40 – 3.00 
Manganese (Mn) 0.50 – 1.00 
Chromium (Cr) 0.05 – 0.20 
Iron (Fe) 0.0 – 0.40 
Zinc (Zn) 0.0 – 0.25 
Silicon (Si) 0.0 – 0.25 
Titanium (Ti) 0.0 – 0.20 
Copper (Cu) 0.0 – 0.10 
Other (Each) 0.0 – 0.05 
Others (Total) 0.0 – 0.15 
Aluminium (Al) Balance 
 
Some important physical properties of alloy EN AW-5454 are shown in table 4. For metal 
forming, it is crucial to highlight the density (2690 kg·m-3), melting point temperature (645 
°C), modulus of elasticity (70.5 GPa) and Poisson's ratio (0.33). The present values for the 
mechanical properties in table 5 coincide with aluminium alloy EN AW-5454 0.2 mm to 0.6 
mm thick sheets. Hardness value 58 HB, minimal proof stress 85 MPa and tensile strength 
from 215 MPa to 275 MPa correspond to alloy EN AW-5454 in the soft condition (symbol 
O), or in work hardening imparted by processes (symbol H111), are smaller than those 
required for H11 temper [22] 
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Table 4: Physical properties of EN AW-5454 [22] 
Property Value 
Density 2.69 g·cm-3 
Melting Point 645 °C 
Thermal Expansion 23.6x10
-6
 K
-1 
Modulus of Elasticity 70.5 GPa 
Thermal Conductivity 135 W·m-1·K-1 
Electrical Resistivity 34 % IACS 
Poisson’s Ratio 0.33 
 
Table 5: Mechanical properties of EN AW-5454 [22] 
Property Value 
Proof Stress min 85 MPa 
Tensile Strength 215 – 275 MPa 
Hardness Brinell 58 HB 
 
Two other temper types are common for aluminium alloy EN AW-5454: work hardened by 
rolling and then annealed to quarter hard H22, or work hardened by rolling and then stabilised 
by low-temperature heat treatment to quarter hard H32. [22] 
Aluminium alloy EN AW-5454 has a very good corrosion resistance in general environmental 
conditions and in particular to seawater. The strength is medium to high and similar as with 
alloy 5754. A good strength of the alloy is guaranteed in the temperature range from 65 °C to 
170 °C. The discussed aluminium alloy also has a high fatigue strength, good weldability by 
some methods and good formability in the softer tempers. Nevertheless, alloy EN AW-5454 is 
not suitable for complex and finish or fine extruded profiles. It appears in most of other semi-
finished metal forming products. Aluminium alloy EN AW-5454 can be produced as plates, 
sheets, bars, tubes and wires. Due to the extensive choice of semi-finished products, alloy EN 
AW-5454 is present in many applications, such as road transport, chemical industry, pressure 
vessels, containers, boilers, laboratory equipment, marine and power lines. [22] 
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3.2 Abaqus CAE modelling 
The modelling and simulating with the program Abaqus CAE follows a certain order and 
adaptation of different modules. It should be mentioned that Abaqus CAE does not support 
units, but for correct and successful simulations one basic unit must be used and all others 
converted proportionally to it. To begin the modelling process in the module part, a workpiece 
with rectangular shape and dimensions of length 0.51 m, width 0.23 m and thickness 0.0067 
m were drawn. Two rollers with radius 0.1475 m and width 0.36 m (same dimensions as in 
the laboratory rolling mill) were added. The modelling was continued in module property and 
physical properties were added. A density of 2690 kg·m-3, modulus of elasticity of 
70500000000 Pa (70.5e9) and Poisson’s ratio of 0.33 were inputted. Furthermore, the values 
from the stress-strain diagram were also added to the module, as shown in table 6. In the 
module assembly, the reference points for the rollers and the workpieces were chosen. The 
reference points were set to the rolling process’s start position. At the module assembly, it is 
crucial to define the distance between the rollers, hence defining the workpiece’s thickness 
reduction. The roll gap was set to 0.004 m or 0.005 m. The modelling was continued with the 
module step, where the number of steps and the time period were defined, for our examples 
2.5 s was determined. After deriving settings at the module step, the contact surfaces at the 
rollers and the workpiece were also defined, as well as the friction coefficient between them. 
In the module interaction, the friction coefficients were set to vary from 0.1 at symmetric 
rolling to 0.2 for the lower roller at asymmetric rolling. The determined and set friction 
coefficients for the separate simulate examples are visible in table 7. The module interaction 
was followed by a module mesh, where the global seeds and the approximate global size were 
determined. Next was the load module where the direction and the velocity of the rollers, and 
consequently the direction and the velocity of the workpiece, were chosen and set. The rolling 
velocity for the upper and the lower roller were chosen and set from 0.1667 radians/time for 
symmetric rolling to 0.3333 radians/time for the lower roller at asymmetric rolling. More 
detailed velocity values are visible in table 7. The final step was the modelling in the job 
module, where the prepared parameters were run and the settings of conversion and execution 
of the simulation were finished. 
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Table 6: Stress and strain values used in Abaqus CAE 
Yield Stress [Pa] Plastic Strain [/] 
151000000 0 
185000000 0.025 
207000000 0.05 
218000000 0.075 
226000000 0.1 
227000000 0.125 
228000000 0.15 
229000000 0.175 
230000000 0.2 
      
Each of six different rolling types has its own designation. Designations SIM represent 
symmetric rolling and designations ASM represent asymmetric rolling types.  
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Table 7: Parameters used in Abaqus CAE 
 SIM 1 SIM 2 ASM 1 ASM 2 ASM 3 ASM 4 
Height of roll gap [m] 0.005 0.004 0.005 0.005 0.004 0.004 
Number of steps 15 15 10 10 15 10 
Time period [s] 2.5 2.5 2.5 2.5 2.5 2.5 
Workpiece 
Length [m] 0.510 0.510 0.510 0.510 0.510 0.510 
Width [m] 0.230 0.230 0.230 0.230 0.230 0.230 
Thickness [m] 0.0067 0.0067 0.0067 0.0067 0.0067 0.0067 
Velocity [m·s-1] 0.1544 0.1544 0.1544 0.1544 0.1544 0.1544 
Global seeds 
Approximate global size 
0.002 0.002 0.002 0.002 0.002 0.002 
Upper roller 
Radius [m] 0.1475 0.1475 0.1475 0.1475 0.1475 0.1475 
Width [m] 0.360 0.360 0.360 0.360 0.360 0.360 
Velocity [radians/time] 0.1667 0.1667 0.1667 0.1667 0.1667 0.1667 
Friction coefficient 0.1 0.1 0.1 0.1 0.1 0.1 
Global seeds 
Approximate global size 
0.009 0.009 0.009 0.009 0.009 0.009 
Lower roller 
Radius [m] 0.1475 0.1475 0.1475 0.1475 0.1475 0.1475 
Width [m] 0.360 0.360 0.360 0.360 0.360 0.360 
Velocity [radians/time] 0.1667 0.1667 0.2500 0.2500 0.3333 0.3333 
Friction coefficient 0.1 0.1 0.15 0.15 0.2 0.2 
Global seeds 
Approximate global size 
0.009 0.009 0.009 0.009 0.009 0.009 
                     
3.3 Workpiece 
Workpieces from aluminium alloy EN AW-5454 were cut from the hot rolled strip made by 
the Impol-TLM company. The workpieces were approximately 510 mm long plates. The 
width and thickness of the plates were approximately 230 mm and 6.7 mm with some minor 
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fluctuations per plate. More specific and detailed entry and exit dimension values for each 
rolled plate are presented in table 11 in the Results section.  
3.4 Rolling mill 
The plates from aluminium alloy EN AW-5454 were cold rolled on a 12'' laboratory rolling 
mill at the Institute of Metallurgy at Clausthal University of Technology. The rolling mill 
consists of two work rollers with the radius of 147.5 mm and the width of 360 mm. A 
hydraulic move of the rollers, which changes the space between both rollers up to 90 mm, is 
possible with two hydraulic actuators, each with a force of 900 kN. Each separate roller of the 
laboratory rolling mill is driven with its own SIEMENS 16A2 264-6 AH 90-Z motor which 
reaches 80 kW. The rolling torque of one roller at 650 rpm is 1200 N·m. The highest rotation 
speed of the rolling mill is 1630 rpm. The range of possible settings for rolling velocities vary 
from 0.05 m·s-1 to 0.7 m·s-1. The minimal height of the roll gap is 2 mm. [23]  
Figure 8 represents the rolling mill with the monitor where the values of some measured 
rolling parameters were read. In the same figure, the used lubricant and the furnace for heat 
treatment are also visible.    
 
Figure 8: Major devices for experimental part 
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3.5 Lubricant 
A lubricant was used during the rolling of the aluminium alloy EN AW-5454. It was the same 
lubricant as the company Impol 2000 d.d. used for cold rolling. The used lubricant consists of 
the mixture solvent Somentor
TM
 32, lubricant Lorol Spezial (8.6 %) and oleochemical raw 
material Pernil ME C12 98-100 (1.6 %) as two additives. 
3.6 Rolling schedule 
The rolling schedule of the workpieces on the laboratory rolling mill is presented in table 8. 
Six different types of rolling schedules were carried out, two symmetric and four asymmetric. 
Each type of rolling was performed three times, in total 18 workpieces were rolled. For 
symmetric rolling, the upper and the lower roller were rotating with the rolling speed of 10 
rpm. For rolling type 1, the roll gap was set to the height of 4.0 mm and for rolling type 2 to 
3.1 mm. The asymmetry in the rolling process was attained by different velocities of the upper 
and the lower roller. For rolling types 3 and 4, the roll gap was set to the height of 4.0 mm. 
For rolling type 3, the rate of asymmetry was 1.5 where the roller velocities were 15 rpm for 
the lower roller and 10 rpm for the upper roller. For rolling type 4, the rate of asymmetry was 
2 where the roller velocities were 20 rpm for the lower roller and 10 rpm for the upper roller. 
For rolling types 5 and 6, the roll gap was set to the height of 3.1 mm. For rolling type 5, the 
rate of asymmetry was the same as for rolling type 3, and for rolling type 6, it was the same as 
for rolling type 4.  
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Table 8: Rolling schedule 
Rolling type 1 
Symbol SIM1 
Setting of roll gap s0 4.0 mm 
Setting of velocity for 
upper roller nu 
10.0 rpm 
Setting of velocity for 
lower roller nl 
10.0 rpm 
Number of plates 3 
Rolling type 2 
Symbol SIM2 
Setting of roll gap s0 3.1 mm 
Setting of velocity for 
upper roller nu 
10.0 rpm 
Setting of velocity for 
lower roller nl 
10.0 rpm 
Number of plates 3 
Rolling type 3 
Symbol ASM1 
Setting of roll gap s0 4.0 mm 
Setting of velocity for 
upper roller nu 
10.0 rpm 
Setting of velocity for 
lower roller nl 
15.0 rpm 
Number of plates 3 
Rolling type 4 
Symbol ASM2 
Setting of roll gap s0 4.0 mm 
Setting of velocity for 
upper roller nu 
10.0 rpm 
Setting of velocity for 
lower roller nl 
20.0 rpm 
Number of plates 3 
Rolling type 5 
Symbol ASM3 
Setting of roll gap s0 3.1 mm 
Setting of velocity for 
upper roller nu 
10.0 rpm 
Setting of velocity for 
lower roller nl 
15.0 rpm 
Number of plates 3 
Rolling type 6 
Symbol ASM4 
Setting of roll gap s0 3.1 mm 
Setting of velocity for 
upper roller nu 
10.0 rpm 
Setting of velocity for 
lower roller nl 
20.0 rpm 
Number of plates 3 
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3.7 Heat treatment 
Heat treatment was performed on samples for each type of rolling. For this purpose, the 
furnace of company Heraeus was used. To achieve soft condition, which is marked with 
symbol O, annealing was performed. Heat treatment consisting of heating and holding at 400 
°C for 1 h was followed by cooling in the air.     
3.8 Mechanical tests 
To find out the impact of asymmetric rolling on the aluminium alloy EN AW-5454, three 
different mechanical tests were carried out. Test data, tensile properties, yield strength and 
plastic strain ratio, also known also as Lankford factor, were obtained. 
3.8.1 Hardness 
Brinell hardness testing was performed on an Otto Wolpert-Werke machine, on 50 mm long 
and 50 mm wide samples, and also on metallographically prepared specimens. The size of the 
intender ball was 2.5 mm. For testing, 306.5 N as nominal value of the test force was used. 
Five measurements were taken per sample and the average was calculated. The measurements 
were obtained from both the bottom and the top contact surface according to the rolling 
direction and also in the cross section.   
3.8.2 Tensile test 
Tensile testing was performed according to the ASTM E8/E8M-09 standard. The gauge 
length of the sub-size specimens (figure 9) for tensile test was 25±0.1 mm. The gauge width 
of the specimens was measured at 6.0±0.1 mm. Other dimensions for the tensile test sub-size 
specimens are given in table 9. 108 samples were machined from the rolled plates before 
testing. For each of the six rolling conditions, six samples were machined in the rolling 
direction 0°, six in transverse direction 90°, and six in 45° according to the rolling direction. 
For the tension test, the universal tension machine Zwick Z250 was used at a test speed of 
0.008 s
-1
.  
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Figure 9: Specimen for tensile test [24] 
Table 9: Sub-size specimen for tensile test [24] 
Dimension Symbol Value [mm] 
Gauge length G 25 ± 0.1 
Width W 6 ± 0.1 
Thickness T thickness of material 
Radius of fillet R 6 
Overall length L 100 
Length of reduced section A 32 
Length of grip section B 30 
Width of grip section C 10 
 
3.8.3 Plastic strain ratio 
The plastic strain ratio was determined in accordance to the standard ASTM E 517-00. The 
gauge length of specimens was 50±0.25 mm and the gauge width was 20±0.13 mm. The 
dimensions for the rest of specimen B (figure 10) for plastic strain ratio are presented in table 
10. 6 specimens per angle and rolling condition were cut for the purpose of the plastic strain 
ratio test using the universal tension machine BZ1-MM250 from the company Zwick/Roell. 
The specimens were loaded with 2 MPa at a velocity of 0.4 min
-1
 and a strain rate of 2 s
-1
. 
 
Figure 10: Specimen B for plastic strain ratio [25] 
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Table 10: Specimen B for plastic strain ratio [25] 
Dimension Symbol Value [mm] 
Gauge length G 50 ± 0.25 
Width W 20 ± 0.13 
Thickness T thickness of material 
Overall length L 200 
Width  C 20 ± 0.13 
      
3.9 Light optical microscopy 
The information about size, shape and orientation of the grains were obtained via the 
observation and analysis under a light optical microscope. At the same time, it is possible to 
perceive defects in microstructure with a light optical microscope. Light optical microscopy 
does not allow the determination of the chemical composition or crystal textures on observed 
samples. As an important factor at light optical microscopy we can expose resolution, which 
is discussed as a minimum distance between two points that can be differentiated in ideal 
conditions. [26]    
For metallographic analyses light optical microscope ZEISS AXIO Imager M2m was used. 
3.9.1 Preparation of samples for light optical microscopy 
Deformed and also heat-treated samples were cold mounted and ground with emery paper 
with grit sizes from 120 to 1200. Samples were further polished using a Struers Tegramin-30 
machine. Tech cloth and diamond polish from 6 µm to 1 µm were used for polishing. For 
finishing polishing vel-cloth and oxide polish suspension (OPS) were used. Samples were 
then electrolytically etched. A suspension from the Barker company, which is composed from 
200 ml distilled water and 5 ml tetrafluorbor 35 % acid liquid was used.         
3.10 Scanning electron microscopy  
Scanning electron microscopy (SEM) works on electronic jet base, which comes from 
electron sources through coils and magnetic lenses. The source of electrons is an electron gun. 
An electron jet is directed towards the sample. Because the mass of electrons is really small 
and their movement in the air is limited, the inside of a scanning electron microscope (SEM) 
must be under conditions of high vacuum. The resolution of the scanning electron microscope 
depends on the used source wave length. The resolution will get higher by reducing the wave 
length. In this way, the resolution of a scanning electron microscope is better than the 
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resolution of a light optical microscopy. A scanning electron microscopy (SEM) does not 
enable image projection, therefore, detectors are used to measure the quantities and energy of 
backscatter electrons, x-rays, Augers electrons and secondary electrons. [27] 
Electron backscatter diffraction (EBSD) works on the basis of backscattered electrons (BSD). 
Backscatter electrons (BSD) are electrons from the primary electron jet with high energy. 
They arise from certain depth of the sample which depends on the experimental conditions. 
The number of backscatter electrons is in each case dependent on the surface topography and 
the atomic number of the analysed sample. The scanning and detection of backscattered 
electrons can run in different ways and it depends on the nature of the analysis. The electron 
backscatter diffraction (EBSD) is a device serving as an accessory for the scanning electron 
microscope (SEM), and also a technique of microscopy which provides quantitative 
microstructure information about crystallographic nature of metals, minerals, semiconductors 
and ceramics. With the electron backscatter diffraction (EBSD) it is possible to find out the 
size of crystal grains and the boundary between them. [28,29] 
For the needs of the master thesis, the scanning electron microscope (SEM) on field emission 
JOEL JSM-6500F with a system for the determination of crystal grains orientation (EBSD) 
OXFORD HK Channel5 was used.  
3.10.1 Preparation of samples for scanning electron microscopy 
After the cutting of rolled plates, edge pieces for analysis with the electron backscatter 
diffraction (EBSD) were prepared. For the observation under a scanning electron microscope 
(SEM), the samples must be electrically conductive, durable in a vacuum and insensitive to 
local warming during the interaction of elements with the material. The pieces were mounted 
in PoliFast. The radius of the mounted sample was 25 mm. The grinding and polishing of the 
samples were performed on Struers machine Tegra Pol-21 with the working head Tegra 
Force-5. The start of preparation was on grinding papers with grit sizes from 400, 600, 800 to 
1200. The samples were further polished with 3 µm diamond for about 4 minutes, followed 
by 1 µm diamond for about 2 minutes. Samples were further polished for 30 minutes on vel-
cloth with a suspension of colloidal silica and ethanol. During the last step of polishing, the 
work head was rotated in the other direction as in previous grinding and polishing steps to 
create a relief on the surface of the specimens. 
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4 Results and discussion 
Obtained and treated results are divided in four groups. First group consists of numerical 
simulations. Second group covers measurements of workpieces, before and after rolling. In 
same time some quantities were measured directly from rolling mill measure system. Third 
group refers on mechanical properties and tests, which were performed on manufactured 
specimen’s with the purpose of finding and determining the influence of asymmetric rolling 
on mechanical properties. In fourth and last group of metallographic evaluation of results 
from light optical microscope (LOM) and scanning electron microscope (SEM) were 
presented. 
4.1 Numerical simulations 
In figure 11 it is visible that the ski effect appeared only with asymmetric types of rolling. 
While comparing symmetric and asymmetric stress condition in the deformation zone, some 
differences were obtained. With symmetric rolling, on the entry, stresses are vertically 
orientated, followed by evenly distributed high stresses of the upper and the lower roller. In 
the same way, vertically directed stresses are also created on the exit of the deformation zone. 
At asymmetric rolling, vertically orientated stresses were also obtained on the entry of the 
deformation zone. With asymmetric rolling type, it is visible in the area of higher stresses that 
a bit higher stresses are created near the lower roller which is faster. The mentioned stress 
difference between the upper and the lower roller is more pronounced in the following section 
which is in the shape of a cross. Larger area of higher stresses (red colour) in the cross section 
is obtained on the lower surface as well as on the top surface. With asymmetrical rolling, on 
the exit, stresses are vertically directed only on the contacts of the rollers and the workpiece, 
whereas in the cross section, shear orientated stresses as a connection of lower vertical 
stresses were created. The stress conditions of symmetric and asymmetric rolling types are 
presented in figure 12.          
27 
 
 
a 
 
b 
Figure 11: Numerical simulation - (a) symmetric rolling; (b) asymmetric rolling 
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a 
 
b 
Figure 12: Stresses in the deformation zone - (a) symmetric rolling; (b) asymmetric rolling 
4.2 Laboratory rolling 
For each of the six rolling conditions, three plates were rolled, in total 18 plates. For each 
plate, the length, width and thickness were measured before and after the rolling process. The 
measured dimensions are shown in table 11. Before rolling, the shortest plate was measured at 
505 mm and the longest at 511 mm. With the roll gap height set to 4.0 mm, the shortest plate 
was measured at 673 mm and the longest at 695 mm. With the roll gap height set lower, that 
means to 3.1 mm, the length of the plates was measured from 750 mm to 785 mm after 
rolling. When comparing symmetric rolling with asymmetric rolling, it is evident that 
asymmetrically rolled plates are significantly longer. Before rolling, the narrowest workpiece 
was measured at 225 mm. The widest plate before rolling was measured at 232 mm. The 
maximum spread was 1 mm, and in some cases, the spread did not occur. The entry and exit 
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thickness of the plate were measured on the right and the left side according to the rolling 
direction. For each of the sides mentioned, three measurements were taken. Finally, average 
values were calculated. The entry thicknesses of the plates were measured from 6.51 mm to 
6.69 mm. With the height of the roll gap at 4.0 mm, the thinnest plate was measured to be 
4.85 mm. At 3.1 mm gap height, the thinnest workpiece was measured at 4.23 mm after 
rolling. When comparing symmetric and asymmetric rolling, it is clear that the exit thickness 
of the plates for two symmetrically rolled conditions is a bit lower than for the asymmetrically 
rolled ones at the same height of the roll gap. The reduction and deformation of the difference 
were also calculated for the entry and exit thickness for each rolled plate. In figure 13a, 
unformed and for rolling prepared plates are shown. In figure 13b, deformed plates for each 
performed rolling type are shown. Table 11 shows the results of the mentioned reduction and 
calculated deformation. 
 
a 
 
b 
Figure 13: Rolling plates - (a) prepared for rolling; (b) deformed 
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Table 11: Entry and exit dimensions of plates 
Type 
of 
rolling 
Number 
of plate 
Length 
[mm] 
Width 
[mm] 
Thickness 
[mm] 
Reduction 
Δh 
[mm] 
Deformation 
ε 
[%] 
  
Entry 
l0 
Exit
l1 
Entry 
w0 
Exit
w1 
Entry 
h0 
Exit 
h1 
  
SIM 1 
1 509 673 230 231 6.66 4.90 1.76 30.71 
2 509 673 229 230 6.67 4.89 1.78 31.09 
3 508 673 230 230 6.62 4.91 1.71 29.88 
SIM 2 
1 506 758 232 232 6.51 4.25 2.26 42.67 
2 505 760 229 230 6.61 4.31 2.29 42.59 
3 505 750 229 229 6.61 4.30 2.30 42.82 
ASM 1 
1 511 692 229 230 6.63 4.86 1.76 30.96 
2 506 684 230 231 6.67 4.85 1.82 31.93 
3 508 686 229 229 6.63 4.85 1.78 31.31 
ASM 2 
1 510 695 226 227 6.65 4.86 1.79 31.38 
2 509 693 225 225 6.65 4.85 1.79 31.48 
3 510 692 228 229 6.67 4.86 1.81 31.68 
ASM 3 
1 508 785 226 227 6.69 4.25 2.43 45.19 
2 505 783 227 228 6.67 4.26 2.41 44.77 
3 506 779 231 232 6.66 4.26 2.40 44.61 
ASM 4 
1 509 783 229 230 6.65 4.23 2.41 45.12 
2 505 773 231 231 6.66 4.23 2.42 45.19 
3 505 776 232 233 6.66 4.27 2.38 44.29 
 
On the rolled plates, the length of the bent area was measured, which was created as a 
consequence of the influence at asymmetric rolling. For the same phenomenon, the angle of 
the bent rolled plate was measured. The bent lengths and angles are visible in table 12. During 
the rolling process, major rolling force and major rolling torque were recorded from the 
monitor. Both mentioned parameters were automatically measured from the measuring system 
in the laboratory rolling mill. Table 12 shows the measured forces and torques for each rolled 
plate. 
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Table 12: Rolling forces, rolling torque and created ski effect 
Type 
of 
rolling 
Number 
of plate 
Rolling 
force 
F 
[kN] 
Rolling 
torque 
M 
[Nm] 
Ski effect 
    
Length 
[mm] 
Angle 
[°] 
SIM 1 
1 1126 5529 / / 
2 1128 5536 / / 
3 1131 5549 / / 
SIM 2 
1 1378 8186 / / 
2 1375 8157 / / 
3 1379 8202 / / 
ASM 1 
1 1099 6042 60 18 
2 1101 6037 56 18 
3 1097 6042 55 19 
ASM 2 
1 1086 5911 60 20 
2 1075 5803 61 21 
3 1087 6007 60 20 
ASM 3 
1 1340 8560 58 19 
2 1343 8483 58 19 
3 1339 8524 57 19 
ASM 4 
1 1312 8393 65 21 
2 1307 8377 63 21 
3 1307 8462 63 21 
    
4.2.1 Height reduction and deformation 
Figure 14 shows the reduction in the height for each rolled plate according to the entry and 
exit thicknesses of the workpieces. It is visible that at bigger roll gap heights, the reductions 
are noticeably lower than at smaller heights, where the reduction of the rolled plate is higher. 
During the comparison of two symmetric and four asymmetric rolling conditions at roll gap 
height of 4.0 mm or 3.1 mm, it is clearly visible that the reductions at asymmetric rolling are 
the same or larger than at symmetric rolling. The largest reduction at the bigger height of the 
roll gap (4.0 mm) was 1.82 mm. With the same roll gap height, the lowest reduction was 1.71 
mm. With the smaller height of 3.1 mm, the lowest and highest reductions were 2.26 mm and 
2.43 mm. For both roll gap heights, the lowest reductions occurred at symmetric rolling. The 
highest reductions of the thickness occurred as a result of asymmetric rolling. 
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Figure 14: Reduction of the workpieces 
The presented results of higher thickness reductions at asymmetric rolling were also 
confirmed in figure 15 which shows calculated deformations. It is clearly visible that 
asymmetric rolling results in higher deformations than symmetric rolling. With the 4.0 mm 
roll gap height, the deformation values were in the range between 29.88 % and 31.93 %. 
Deformations at the smaller height (3.1 mm) were bigger and varying from 42.59 % to 45.19 
%. As the reductions, the deformations are also the biggest for both roll gap heights at 
asymmetric rolling. The smallest deformations arise with symmetric rolling conditions. 
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Figure 15: Deformations of the workpieces 
4.2.2 Rolling force and rolling torque             
Figure 16 shows major measured rolling forces mentioned in table 12 for each separate rolled 
plate. In figure 16, it is possible to see that bigger forces are present at lower roll gap heights. 
While comparing symmetric and asymmetric rolling types, it was found that for both roll gap 
heights, the forces at asymmetrical rolling are smaller than at symmetrical rolling. At the 
same time, it is noticeable that the rolling forces were decreasing with the increasing factor of 
asymmetry. The biggest rolling force at 4.0 mm roll gap height was 1131 kN. The smallest 
rolling force at the same roll gap setting was 1075 kN. At the lower height of 3.1 mm, the 
biggest rolling force was 1379 kN and the smallest was 1307 kN. 
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Figure 16: Rolling force 
The biggest rolling torques of each rolled plate are presented in table 12 and also in figure 17. 
It is possible to see that the rolling torques at bigger roll gap heights are drastically smaller. At 
4.0 mm roll gap, the biggest rolling torques are in the range between 5529 Nm and 6042 Nm. 
At 3.1 mm roll gap, the differences between the biggest and the smallest rolling torques are 
similar. The mentioned values are from 8157 Nm to 8560 Nm. In figure 17, it is visible that 
the rolling torques are bigger for asymmetrical rolling. At the same time, it is possible to see 
that bigger measured rolling torques decrease with increasing asymmetric factor, but they are 
still bigger than with symmetric rolling. 
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Figure 17: Rolling torque 
4.2.4 Ski effect 
The occurrence of the ski effect on the rolled plates is visible in figure 18. The results and 
data about bending effect are given in figure 19 and figure 20. As in numerical simulations, 
the ski effect appeared just with asymmetrical rolling types. Figure 19 shows bending effect 
throughout the length and angle for each rolled plate. In figure 20, the average values for all 
three rolled plates with the same type of rolling are presented. From both figures, it is visible 
that higher ski effect appears at the smaller height of the roll gap and at higher factor of 
asymmetry. The longest bending area and the biggest angle of bending appeared at smaller 
roll gap heights and higher asymmetry factors of roller rotation. The measured bending 
lengths and angles of the ski effects are quite similar with low deviations. The aforementioned 
phenomenon can be mitigated by adjusting the table of the rolling mill. 
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Figure 18: Ski effect on the rolled plates 
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Figure 19: Length and angle of the ski effect 
 
Figure 20: Presentation of average values of the ski effects lengths and angles 
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4.3 Mechanical properties 
4.3.1 Tensile test 
The compared deformed samples show us that in the case of lower and higher deformation, 
tensile strength values are higher with asymmetric rolling. The differences between tensile 
strength for separate angles show that in transverse (90°) direction, samples have the highest 
tensile strengths. The highest tensile strength of 293 MPa is obtained with the ASM3 sample. 
The highest yield strength of 253 MPa is obtained with the ASM4 sample. The factor of 
asymmetry does not have a big influence on the increase of the tensile and yield strength 
because the values of the mentioned properties are very similar when comparing ASM1 and 
ASM2, as well with ASM3 and ASM4. After heat treatment, the tensile strength and the yield 
strength both drastically decrease. Heat-treated samples have a larger elongation compared to 
the deformed samples. A more significant difference of elongation between symmetrically 
and asymmetrically rolled samples is visible at a smaller deformation. Asymmetric type of 
rolling is a better way to achieve higher tensile strength, yield strength and elongation which 
have an impact on the formability of the material. The results of tensile tests are presented in 
table 13, table 14, table 15 and figure 21.        
Table 13: Tensile strength 
Rolling type 
Rm 0° 
[MPa] 
Rm 45° 
[MPa] 
Rm 90° 
[MPa] 
Average Rm 
[MPa] 
SIM1 275 277 284 279 
ASM1 276 277 287 280 
ASM2 277 278 286 280 
SIM2 285 287 297 290 
ASM3 287 290 301 293 
ASM4 282 290 302 291 
SIM1 topl 222 216 219 219 
ASM1 topl 221 216 218 218 
ASM2 topl 221 215 219 218 
SIM2 topl 222 214 217 218 
ASM3 topl 220 216 218 218 
ASM4 topl 221 218 218 219 
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Table 14: Yield strenght 
Rolling type 
Rp0.2 0° 
[MPa] 
Rp0.2 45° 
[MPa] 
Rp0.2 90° 
[MPa] 
Average Rp0.2  
[MPa] 
SIM1 243 223 230 232 
ASM1 245 220 216 227 
ASM2 246 234 225 235 
SIM2 261 243 245 249 
ASM3 260 249 245 251 
ASM4 259 244 255 253 
SIM1 topl 91 86 91 89 
ASM1 topl 90 90 90 90 
ASM2 topl 90 90 90 90 
SIM2 topl 87 86 86 86 
ASM3 topl 87 88 87 87 
ASM4 topl 86 87 87 87 
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Table 15: Elongation 
Rolling type 
A25mm 0° 
[%] 
A25mm 45° 
[%] 
A25mm 90° 
[%] 
Average A25mm  
[MPa] 
SIM1 12 14 11 12 
ASM1 7 13 9 10 
ASM2 12 13 10 12 
SIM2 11 8 9 9 
ASM3 6 9 9 8 
ASM4 4 11 8 8 
SIM1 topl 29 29 28 29 
ASM1 topl 28 30 31 30 
ASM2 topl 29 30 29 29 
SIM2 topl 29 30 28 29 
ASM3 topl 29 30 27 29 
ASM4 topl 28 29 29 2 
 
 
Figure 21: Results of tensile test 
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4.3.2 Plastic strain ratio 
Lankford factor r in parallel (0°), diagonal (45°) and transverse (90°) directions according to 
the rolling direction, average rm and tendency of the plastic strain ratio Δr are listed in the 
table 16. The values of the plastic strain ratio depended on the height of the roll gap. The 
highest values appear at all rolling types in samples taken at 45° angle. This presents a very 
high rate of planar anisotropy. The values of Lankford factor have increased with all rolling 
types in all directions after heat treatment. The deformed samples’ values of rm and Δr are 
higher for bigger roll gaps than for those with smaller roll gap heights. According to the 
previously mentioned data, the values of the heat-treated samples show the opposite trend. rm 
and Δr values are higher at smaller roll gap heights. Increased values of rm and Δr after heat 
treatment are lower with asymmetric rolling than with symmetric rolling for both roll gap 
settings. Higher values of the plastic strain ratio point to a higher planar anisotropy at 
asymmetrically rolled samples. At the same time, the effect of heat treatment is bigger with 
asymmetrically rolled samples because despite the increase in average values and the 
tendency of the Lankford factor, the mentioned values are lower with asymmetrically rolled 
samples than with symmetrically rolled samples. The reason for the mentioned phenomena is 
the appearance of a more favourable shear texture component. The anisotropy was largely 
eliminated after annealing.  
The best samples which have confirmed the elimination of planar anisotropy after heat 
treatment are ASM3 topl and ASM4 topl, where the Δr values are much lower. Detailed 
results for plastic strain ratio are visible in table 16, figure 22 and figure 23.       
Table 16: Values of plastic strain ratio 
Rolling type r0° [/] r45° [/] r90° [/] rm [/] Δr [/] 
SIM1 0.3634 0.5586 0.4621 0.4857 -0.1458 
ASM1 0.3826 0.6028 0.4276 0.5039 -0.1977 
ASM2 0.4063 0.6876 0.4159 0.5494 -0.2765 
SIM1 topl 0.5958 0.7361 0.4013 0.6174 -0.2376 
ASM1 topl 0.5272 0.6964 0.4521 0.5930 -0.2068 
ASM2 topl 0.4540 0.6464 0.4989 0.5614 -0.1699 
SIM2 0.1482 0.3976 0.3783 0.3304 -0.1343 
ASM3 0.1684 0.4561 0.4299 0.3776 -0.1570 
ASM4 0.1924 0.4831 0.4637 0.4056 -0.1550 
SIM2 topl 0.7289 0.8500 0.7452 0.7935 -0.1129 
ASM3 topl 0.6371 0.7209 0.7000 0.6947 -0.052 
ASM4 topl 0.6275 0.6916 0.6555 0.6666 -0.050 
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Figure 22: Weighted average of plastic strain ratio 
 
Figure 23: Tendency of plastic strain ratio 
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4.3.3 Hardness 
The highest measured hardness appeared with the ASM3 sample in the cross section where it 
is 92.42 HB. The hardness of the deformed samples is on average somewhat bigger in the 
cross section than on the surfaces. After heat treatment, the hardness in the cross section was 
in most cases smaller than on the surface. In the case of smaller deformation, the hardness is 
bigger with symmetrically rolled samples. With bigger deformation, these values are opposite. 
In the case of bigger deformation, the hardness is bigger with asymmetrically rolled types. 
The difference between ASM3 and ASM4 is not big, which shows us that the factor of 
asymmetry does not have a big impact. The difference between the top and the bottom surface 
hardness is smaller with asymmetrically rolled samples than with symmetrically rolled 
samples. From this we can argue that the hardness is more homogeneous throughout the 
sample in the case of asymmetric rolling samples. After heat treatment, the hardness is very 
similar. Comparing the top and bottom surface hardness, the same phenomena were obtained 
as with deformed samples. The differences between the surfaces are smaller with 
asymmetrically rolled samples than with symmetrically rolled samples. Asymmetric types of 
rolling are more suitable for producing homogenous hardness. The specific data for hardness 
of all samples is visible in table 17, figure 24 and figure 25.     
Table 17: Hardness of deformed and heat-treated samples 
Rolling type 
Top 
surface 
[HB] 
Cross 
section 
[HB] 
Bottom 
surface 
[HB] 
Average 
[HB] 
Difference of 
surfaces 
hardness [HB] 
SIM1 85.46 89.50 82.78 85.91 2.68 
ASM1 83.04 87.60 82.26 84.30 0.78 
ASM2 82.66 88.12 80.36 83.71 2.30 
SIM2 84.24 91.82 85.36 87.14 1.12 
ASM3 87.02 92.42 86.04 88.49 0.98 
ASM4 85.96 92.26 86.28 88.16 0.32 
SIM1 topl 56.70 56.24 57.08 56.67 0.38 
ASM1 topl 56.50 57.04 56.32 56.62 0.18 
ASM2 topl 57.26 56.16 57.60 57.01 0.34 
SIM2 topl 56.10 57.70 56.58 56.79 0.48 
ASM3 topl 57.70 56.30 57.60 57.20 0.10 
ASM4 topl 56.18 56.40 56.00 56.19 0.18 
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Figure 24: Hardness of deformed samples 
 
Figure 25: Hardness of heat-treated samples 
4.4 Metallography 
4.4.1 Light optical microscopy 
In figure 26, the differences between the microstructure of symmetrically and asymmetrically 
rolled samples are shown. It is possible to see the differences in grain size in the 
microstructure of heat-treated samples. More specific data on grain sizes are presented in 
figure 27, figure 28, figure 29 and figure 30. In these figures, it is clear that the grain size 
decreases with increasing factor of asymmetry. The finest grains are formed in the ASM4 
sample and measure 17.46 µm. After heat treatment, grain size rises approximately between 2 
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and 6 µm. With microstructure analysis, it is clearly visible that asymmetric rolling types 
create a more homogenous microstructure and that is the major reason for improved 
mechanical properties presented in previous chapters.            
 
a 
 
b 
 
c 
 
d 
Figure 26: Microstructure in cross section - (a) symmetrically rolled; (b) asymmetrically 
rolled; (c) symmetrically rolled and heat-treated; asymmetrically rolled and heat-treated 
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 SIM1 ASM1 ASM2 
TOP 
 
Grain size: 21.97 μm 
 
Grain size: 18.17 μm 
 
Grain size: 18.03 μm 
CENTRE 
 
Grain size: 26.43 μm 
 
Grain size: 22.00 μm 
 
Grain size: 21.77 μm 
BOTTOM 
 
Grain size: 21.03 μm 
 
Grain size: 17.97 μm 
 
Grain size: 17.67 μm 
Figure 27: Microstructures of deformed samples rolled with the height of the roll gap set to 
4.0 mm 
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 SIM2 ASM3 ASM4 
TOP 
 
Grain size: 17.84 μm 
 
Grain size: 17.77 μm 
 
Grain size: 17.54 μm 
CENTRE 
 
Grain size: 23.34 μm 
 
Grain size: 19.33 μm 
 
Grain size: 19.04 μm 
BOTTOM 
 
Grain size: 17.78 μm 
 
Grain size: 17.65 μm 
 
Grain size: 17.46 μm 
Figure 28: Microstructures of deformed samples rolled with the height of the roll gap set to 
3.1 mm 
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 SIM1 topl ASM 1 topl ASM 2 topl 
TOP 
 
Grain size: 26.92 μm 
 
Grain size: 25.53 μm 
 
Grain size: 25.31 μm 
CENTRE 
 
Grain size: 33.87 μm 
 
Grain size: 29.74 μm 
 
Grain size: 27.02 μm 
BOTTOM 
 
Grain size: 26.88 μm 
 
Grain size: 25.48 μm 
 
Grain size: 25.25 μm 
Figure 29: Microstructures of heat-treated samples rolled with the height of the roll gap set to 
4 mm 
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 SIM2 topl ASM 3 topl ASM 3 topl 
TOP 
 
Grain size: 21.34 μm 
 
Grain size: 20.81 μm 
 
Grain size: 19.55 μm 
CENTRE 
 
Grain size: 25.03 μm 
 
Grain size: 22.85 μm 
 
Grain size: 22.01 μm 
BOTTOM 
 
Grain size: 21.25 μm 
 
Grain size: 20.51 μm 
 
Grain size: 19.28 μm 
Figure 30: Microstructures of heat-treated samples rolled with the height of the roll gap set to 
3.1 mm 
4.4.2 Scanning electron microscopy  
Crystallographic textures were analysed on the bottom edges and in the centre position of the 
samples. The textures were presented with Pole figures. With these, texture components and 
their volume percentages were presented. For the determination of different texture 
components, Euler space and angles, presented in table 18, were used. The deviation for 
separate angles at determination was 5°. The analysis and determination of textures and 
volume fraction of the texture components is easier with heat-treated and less deformed 
samples due to an easier determination of crystal grains and their orientation. The 
aforementioned information is shown in figure 31.      
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Table 18: Used angles in the Euler space for the determination of texture components volume 
 
Crystallographic 
plane 
{hkl} 
Crystallographic 
direction <uvw> 
φ1 Φ φ2 
C {112} <111> 90 35 45 
S {123} <634> 59 34 65 
B {011} <211> 35 45 0 
D {4411} <11118> 90 27 45 
H {001} <110> 0 0 45 
E {111} <110> 60 54.7 45 
F {111} <112> 90 54.7 45 
Cube {001} <100> 0 0 0 
G {110} <001> 0 45 0 
R {124} <211> 53 36 60 
P {011} <112> 65 45 0 
Q {013} <231> 58 18 0 
 
 
a 
 
b 
 
 
Figure 31: IPF coloring for same sample and same position - (a) deformed condition; (b) 
heat-treated condition 
Figure 32 with the Pole figures presents the texture of the SIM1 sample. The centre position 
of the sample was analysed. In most of the analysed area, the texture is not determined. 
Nevertheless, shear texture component F and recrystallization texture component P stand out 
with volume fraction. Some other recrystallization texture components were also detected.      
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 Rolling textures Shear textures Recrystallization textures 
Texture 
component 
C S B D H E F Cube G R P Q 
Volume 
[%] 
0.0 0.0 0.0 0.0 0.0 0.0 3.0 0.1 0.7 0.0 3.1 0.0 
Figure 32: Pole figures and volume fraction of texture components for SIM1 centre position 
Figure 33 presents the Pole figure texture of the SIM1 sample. In this case, the bottom edge of 
the sample was analysed. It is possible to see that the presented texture components are the 
same as at the centre position of the SIM1 sample. Volume fraction of the texture components 
at the bottom edge is a bit lower.    
 
 Rolling textures Shear textures Recrystallization textures 
Texture 
component 
C S B D H E F Cube G R P Q 
Volume 
[%] 
0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.1 0.5 0.0 2.0 0.0 
Figure 33: Pole figures and volume fraction of texture components for SIM1 bottom position 
The next three Pole figures in figure 34 present the texture and texture components of the 
centre position of the SIM2 sample. With this sample, it is possible to notice the same texture 
components as with the SIM1 sample. With the SIM2 sample a higher volume fraction of 
recrystallization texture component Cube and minimal volume percent of shear texture 
component F were observed.    
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 Rolling textures Shear textures Recrystallization textures 
Texture 
component 
C S B D H E F Cube G R P Q 
Volume 
[%] 
0.0 0.0 0.0 0.0 0.0 0.0 0.1 1.8 0.4 0.0 1.2 0.0 
Figure 34: Pole figures and volume fraction of texture components for SIM2 centre position 
Figure 35 presents three Pole figures which belong to the SIM2 sample. Textures correspond 
to the analysed bottom edge of the mentioned sample. Only the recrystallization texture 
components and shear texture component F were detected. Volume fraction of the texture 
component Cube is in that texture exactly the same as in the centre position of the SIM2 
sample.     
 
 Rolling textures Shear textures Recrystallization textures 
Texture 
component 
C S B D H E F Cube G R P Q 
Volume 
[%] 
0.0 0.0 0.0 0.0 0.0 0.0 0.1 1.8 0.1 0.0 1.5 0.0 
Figure 35: Pole figures and volume fraction of texture components for SIM2 bottom position 
Texture and the corresponding volume fraction of the texture components for the 
asymmetrically rolled ASM1 sample are presented in figure 36. In this case, the centre 
position of the sample was analysed. Compared to symmetrically rolled samples, it possesses 
fewer undefined areas. In accordance to the data mentioned, different texture components 
appeared. The rolling texture components were observed. With a higher volume fraction of 
the recrystallization texture components, the texture component P was the most prominent. 
Beside a higher volume fraction of the shear texture component F, shear texture component H 
was also detected.     
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 Rolling textures Shear textures Recrystallization textures 
Texture 
component 
C S B D H E F Cube G R P Q 
Volume 
[%] 
0.2 0.3 0.2 0.8 0.3 0.0 3.8 0.4 2.5 0.1 8.6 0.2 
Figure 36: Pole figures and volume fraction of texture components for ASM1 centre position 
Figure 37 with the Pole figures presents texture and texture components of the bottom edge of 
the ASM1 sample. In comparison to the texture of the centre position of the same sample, 
same texture components appear on the bottom edge where its volume fraction is in general 
lower. Prominent recrystallization texture components with texture component P were 
observed. As in the texture of the centre position, in the texture of the bottom edge of ASM1, 
sample rolling texture components can be detected. Texture components C, S and B which 
appear at both analysed position of the ASM1 sample are usually attributed to β-fibres.      
 
 Rolling textures Shear textures Recrystallization textures 
Texture 
component 
C S B D H E F Cube G R P Q 
Volume 
[%] 
0.1 0.1 0.1 0.1 0.0 0.0 0.8 0.1 1.3 0.0 5.1 0.0 
Figure 37: Pole figures and volume fraction of texture components for ASM1 bottom 
position 
Pole figures in figure 38 show texture and present texture components of the centre part of the 
ASM2 sample. The volume fraction of the rolling texture components was not detected. The 
volume of the most common texture component F and P is at that sample the same.   
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 Rolling textures Shear textures Recrystallization textures 
Texture 
component 
C S B D H E F Cube G R P Q 
Volume 
[%] 
0.0 0.0 0.0 0.0 0.1 0.0 2.8 0.1 0.8 0.0 2.8 0.1 
Figure 38: Pole figures and volume fraction of texture components for ASM2 centre position 
The bottom edge of the ASM2 sample was a bit more defined than the previously presented 
texture in the centre position which is clearly visible in Pole figures in figure 39. Again, all 
four rolling textures which can create β-fibres appeared. The volume fraction of shear textures 
on the bottom edge is lower than in the centre position of the ASM2 sample. This is especially 
visible at texture component F. Also, the volume fraction of the recrystallization texture 
components is on the bottom edge lower than in the centre position, with the exception of the 
texture component G where the volume is the same for both analysed positions.      
 
 Rolling textures Shear textures Recrystallization textures 
Texture 
component 
C S B D H E F Cube G R P Q 
Volume 
[%] 
0.1 0.2 0.1 0.2 0.1 0.1 0.8 0.0 0.8 0.1 2.0 0.0 
Figure 39: Pole figures and volume fraction of texture components for ASM2 bottom 
position 
Pole figures and texture components of the asymmetrically rolled ASM3 sample are shown in 
figure 40. The centre position was analysed. Only component D appears as a rolling texture 
component. Texture component F is the only shear texture component with prominent volume 
fraction. Recrystallization texture components, with higher volume of texture component P, 
were prominent.        
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 Rolling textures Shear textures Recrystallization textures 
Texture 
component 
C S B D H E F Cube G R P Q 
Volume 
[%] 
0.0 0.0 0.0 0.1 0.0 0.0 5.3 0.2 1.0 0.0 3.5 0.2 
Figure 40: Pole figures and volume fraction of texture components for ASM3 centre position 
Similar texture components, presented in figure 41, were detected with a lower volume 
percentage on the bottom edge of the ASM3 sample. With the texture components volume, 
only the recrystallization texture component P stands out. Volume fraction of the mentioned 
recrystallization texture component is on the bottom edge higher in comparison with the 
centre position of the ASM3 sample.     
 
 Rolling textures Shear textures Recrystallization textures 
Texture 
component 
C S B D H E F Cube G R P Q 
Volume 
[%] 
0.0 0.0 0.0 0.1 0.0 0.0 0.8 0.0 0.7 0.0 4.9 0.1 
Figure 41: Pole figures and volume fraction of texture components for ASM3 bottom 
position 
Figure 42 presents texture and texture components with Pole figures for the centre part of the 
asymmetrically rolled ASM4 sample. The highest volume fraction has shear texture 
component F. General recrystallization texture components where the volume fraction is 
higher at texture component G and texture component P were prominent. The texture 
component Cube has lower volume fraction in that texture.   
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 Rolling textures Shear textures Recrystallization textures 
Texture 
component 
C S B D H E F Cube G R P Q 
Volume 
[%] 
0.0 0.0 0.0 0.1 0.0 0.0 4.3 0.3 1.6 0.0 3.5 0.0 
Figure 42: Pole figures and volume fraction of texture components for ASM4 centre position 
Most of Pole figures areas in figure 43 are not defined. In the texture of the bottom edge of 
the ASM4 sample, only the recrystallization texture component P was found recorded, which 
appears with all analysed deformed samples.   
 
 Rolling textures Shear textures Recrystallization textures 
Texture 
component 
C S B D H E F Cube G R P Q 
Volume 
[%] 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 
Figure 43: Pole figures and volume fraction of texture components for ASM4 bottom 
position 
The next Pole figures in figure 44 show the texture of the heat-treated sample SIM1 topl 
which was rolled symmetrically. The centre part of the mention sample was analysed. All 
analysed texture components, with the exception of the shear texture component H, appear in 
the texture. The highest volume fraction was recorded for the shear texture component E. The 
general recrystallization texture components were prominent which is completely normal for 
heat-treated samples.       
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 Rolling textures Shear textures Recrystallization textures 
Texture 
component 
C S B D H E F Cube G R P Q 
Volume 
[%] 
0.4 1.2 0.4 0.3 0.0 2.8 0.9 1.1 2.1 1.3 1.8 1.3 
Figure 44: Pole figures and volume fraction of texture components for SIM1 topl centre 
position 
Pole figures in figure 45 present texture and texture components for the bottom edge of the 
heat-treated sample SIM1 topl. All texture components were detectable. For the shear texture 
component E there was a prominent volume fraction. 
 
 Rolling textures Shear textures Recrystallization textures 
Texture 
component 
C S B D H E F Cube G R P Q 
Volume 
[%] 
0.2 1.4 0.2 0.7 0.1 6.3 1.2 1.1 3.9 1.5 1.5 0.3 
Figure 45: Pole figures and volume fraction of texture components for SIM1 topl bottom 
position 
The shown textures in figure 46 presented with Pole figures belong to the centre position of 
the heat-treated SIM2 topl sample. In comparison with the sample SIM1 topl, the texture 
consists of a higher volume fraction of the rolling texture components and a lower volume 
fraction of the shear texture components. Nevertheless, in this texture, the volume fraction of 
the recrystallization texture components prevails.     
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 Rolling textures Shear textures Recrystallization textures 
Texture 
component 
C S B D H E F Cube G R P Q 
Volume 
[%] 
1.1 2.0 1.1 1.0 0.1 2.0 1.7 1.8 0.3 2.7 1.5 2.1 
Figure 46: Pole figures and volume fraction of texture components for SIM2 topl centre 
position 
Pole figures in figure 47 present texture and texture components of heat-treated SIM2 topl 
sample which was rolled symmetrically. In this case, the bottom edge of the mentioned 
sample was analysed. In comparison with the texture of the centre position of the same 
sample, the volume fraction of the recrystallization texture components is higher on the 
bottom edge. In both cases, the highest volume fraction was measured for the recrystallization 
texture component R. At the same time, the volume fraction of the shear texture components 
is on the bottom edge significantly lower than the volume of the mentioned texture 
components in the centre position.      
 
 Rolling textures Shear textures Recrystallization textures 
Texture 
component 
C S B D H E F Cube G R P Q 
Volume 
[%] 
1.1 1.8 1.1 0.9 0.7 1.3 1.0 1.3 0.8 3.1 2.1 1.6 
Figure 47: Pole figures and volume fraction of texture components for SIM2 topl bottom 
position 
Figure 48 shows Pole figures texture and texture components for the centre position of the 
heat-treated ASM1 topl sample. As most of symmetrically rolled and heat-treated samples, 
ASM1 topl sample also contains all analysed textures components. The volume fraction of the 
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rolling texture components is a bit lower in comparison with previously presented heat-treated 
textures.         
 
 Rolling textures Shear textures Recrystallization textures 
Texture 
component 
C S B D H E F Cube G R P Q 
Volume 
[%] 
0.9 1.4 0.9 0.7 0.3 1.7 1.0 1.4 1.6 1.7 1.3 1.3 
Figure 48: Pole figures and volume fraction of texture components for ASM1 topl centre 
position 
The next Pole figures in figure 49 also show the texture and volume fraction of the texture 
components for heat-treated ASM1 topl sample. In this case, the bottom edge of the 
mentioned sample was analysed. In comparison between the bottom and the centre position 
texture, it was found that the volume fraction of the shear and rolling texture components at 
the bottom edge are lower. Among the recrystallization texture components, texture 
component P stands out with the highest volume fraction, which appears at all deformed 
samples.     
 
 Rolling textures Shear textures Recrystallization textures 
Texture 
component 
C S B D H E F Cube G R P Q 
Volume 
[%] 
0.7 1.2 0.7 0.2 0.1 1.2 0.3 0.3 1.2 1.8 2.4 0.4 
Figure 49: Pole figures and volume fraction of texture components for ASM1 topl bottom 
position 
Pole figures and volume fraction of the texture components in figure 50 show the texture in 
the centre position of the heat-treated ASM2 topl sample. The volume fraction of the shear 
and recrystallization texture components is a bit higher than with previously presented ASM1 
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topl sample. The highest volume fraction in the texture is recorded for the recrystallization 
texture component R.    
 
 Rolling textures Shear textures Recrystallization textures 
Texture 
component 
C S B D H E F Cube G R P Q 
Volume 
[%] 
0.6 1.4 0.6 1.0 0.3 1.5 2.2 1.0 1.2 3.2 2.5 1.8 
Figure 50: Pole figures and volume fraction of texture components for ASM2 topl centre 
position 
Pole figures and volume fraction of texture components presented in figure 51 belong to the 
bottom end of the heat-treated ASM2 topl sample. In this texture, all analysed texture 
components appear. At the same time, it is clearly visible that the diference between volume 
fractions of separate texture components is very small.    
 
 Rolling textures Shear textures Recrystallization textures 
Texture 
component 
C S B D H E F Cube G R P Q 
Volume 
[%] 
1.1 1.6 1.1 0.2 0.1 0.8 1.5 0.9 0.9 1.7 2.0 0.8 
Figure 51: Pole figures and volume fraction of texture components for ASM2 topl bottom 
position 
The texture of the centre position of the heat-treated ASM3 topl sample is visible on Pole 
figures in figure 52. All measured textures were detected to have similar values of the volume 
fraction, while the recrystallization textures showed higher volume fraction values. In the 
texture, higher volume fraction of the rolling texture components appear when compared to 
the volume of shear texture components. A higher volume of C, S and B texture components 
presents a possibility for the creation of β-fibres.    
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 Rolling textures Shear textures Recrystallization textures 
Texture 
component 
C S B D H E F Cube G R P Q 
Volume 
[%] 
1.1 1.8 1.1 0.8 0.1 0.8 1.0 1.1 0.9 1.8 1.7 1.3 
Figure 52: Pole figures and volume fraction of texture components for ASM3 topl centre 
position 
Figure 53 with Pole figures shows the texture and texture component of the heat-treated 
ASM3 topl sample. The bottom edge of mentioned heat-treated sample was analysed. In the 
texture of the bottom edge of the ASM3 topl sample, the volume fraction of the rolling texture 
components is higher than the volume fraction of shear texture components. The same 
phenomenon appears also at previously presented texture for the centre position of the ASM3 
topl sample. The texture component P was observed to be the one with the highest volume 
fraction among recrystallization texture components.         
 
 Rolling textures Shear textures Recrystallization textures 
Texture 
component 
C S B D H E F Cube G R P Q 
Volume 
[%] 
1.1 2.0 1.1 0.7 0.2 0.9 1.7 1.1 0.8 1.8 2.4 1.2 
Figure 53: Pole figures and volume fraction of texture components for ASM3 topl bottom 
position 
Pole figures and volume fraction of the texture components in figure 54 belong to the centre 
position of the heat-treated ASM4 topl sample. Volume fractions of all texture components 
are very evenly distributed with low deviations between separate texture components.     
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 Rolling textures Shear textures Recrystallization textures 
Texture 
component 
C S B D H E F Cube G R P Q 
Volume 
[%] 
0.4 1.2 0.4 0.1 0.6 0.3 1.0 1.5 0.7 1.0 2.0 1.0 
Figure 54: Pole figures and volume fraction of texture components for ASM4 topl centre 
position 
At texture of the bottom edge for the heat-treated ASM4 topl sample, which is presented with 
Pole figures in figure 55, the volume fraction of the texture components is similar than in the 
centre position of the ASM4 sample. At the bottom position of the analysed sample, the 
recrystallization texture component P was most prominent as it appears with all the analysed 
deformed and heat-treated samples.     
  
 
 Rolling textures Shear textures Recrystallization textures 
Texture 
component 
C S B D H E F Cube G R P Q 
Volume 
[%] 
0.6 1.0 0.6 0.9 0.2 0.3 1.1 0.9 0.4 1.4 2.6 1.1 
Figure 55: Pole figures and volume fraction of texture components for ASM4 topl bottom 
position 
For all symmetrically rolled samples, the same texture components were detected. For the 
asymmetrically rolled samples, more shear texture components were measured. In the texture 
of asymmetrically rolled samples, a higher volume fraction of the shear and rolling texture 
components were found after the heat treatment. At the same time, the volume of the 
recrystallization texture components was also higher. The aforementioned implies that the 
asymmetrically rolled texture is much more suitable and effective for heat treatment. A reason 
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for this is that a more even volume fraction of all texture components in the centre and the 
bottom position of the sample would provide better mechanical properties. 
5 Conclusion 
Purpose of this master thesis was investigating of the asymmetric rolling of EN AW-5454 
aluminium alloy. Plates of the aluminium alloy were rolled on laboratory rolling mill with 
asymmetric and symmetric types of rolling. Technological parameters of all types among 
themselves are compared. At the same time the mechanical properties obtained from different 
mechanical tests are compared. Changes and findings among metallographic analyses are 
investigated on light optical microscope (LOM) and scanning electron microscope (SEM). 
From results of master thesis can be concluded: 
 From numerical simulations is visible that the ski effect appeared just at asymmetrically 
rolling and that are stress conditions of symmetric rolling and asymmetric rolling in 
deformation zone different. 
 At same height of roll gap higher deformations were created with lower rolling force. Rolling 
forces and height reductions were decrease with bigger factor of asymmetry. 
 At laboratory rolled plates similar lengths and angles of ski effect are obtained. Despite that is 
visible, that is ski effect much more depended of factor of asymmetry as of deformation rate.  
 The highest values of tensile strength at deformed samples are in transverse direction. At heat-
treated samples the highest tensile strength in rolling direction is obtained. In average tensile 
strength is higher at samples in deformed condition.  
 Yield strength values of deformed samples decrease of rolling direction to transverse 
direction. At higher factor of asymmetry tensile strength and yield strength are higher.    
 Elongations are dependent of deformation ratio. After heat treatment elongations are quite 
similar. That means that heat treatment was effective. 
 Asymmetric rolled samples in deformed condition has higher planar anisotropy as symmetric 
rolled samples. Elimination of planar anisotropy was bigger at asymmetric rolled samples and 
at higher factor of asymmetry. 
 Asymmetric rolled samples has lower deviation of hardness as symmetric rolled samples. 
Hardness of asymmetric rolled samples is that way more homogenous also after heath 
treatment. 
 With higher factor of asymmetry average size of crystal grains was decreased. 
 For the asymmetrically rolled samples, more shear texture components were measured. In the 
texture of asymmetrically rolled samples, a higher volume fraction of the shear and rolling 
texture components were found after the heat treatment. 
64 
 
6 References 
[1] MINTON, J. J., CAWTHORN, C. J., BRAMBLEY, E. J. Asymptotic analysis of 
asymmetric thin sheet rolling. International Journal of Mechanical Sciences, 2016, vol. 113, 
str. 36-48. 
[2]  FAJFAR, P. Tehnika preoblikovanja. Ljubljana : Naravoslovnotehniška fakulteta, 
Oddelek za materiale in metalurgijo, 2010, 120 str. 
[3] XIE, H. B., MANABE, K., JIANG, Z. Y. A novel approach to investigate surface 
roughness evolution in asymmetric rolling based on three dimensional real surface. Finite 
Elements in Analysis and Design, 2013, vol. 74, str. 1-8. 
[4]  NILLSON, A., ISALVATOR, I., PUTZ, P. -D., GOLDHAHN, G., MALBRANCKE, J. 
(2012): Using asymmetrical rolling for increased production and improved material 
properties. European Union. 
[5]  YEONG-MAW, H., GOW-YI. T. Analytical and experimental study on asymmetrical 
sheet rolling. Pergamon, 1997, vol. 39, no. 3, str. 289-303. 
[6] BINTU, A., VINCZE, G., PICU, R. C., LOPES, A. B. Effect of symmetric and 
asymmetric rolling on the mechanical properties of AA5182. Materials and Design, 2016, 
vol. 100, str. 151-156. 
[7] NIKOLAEV, V. A., VASILYEV, A. A. Analysis of Strip Asymmetrical Cold Rolling 
Parameters. Metallurgical and Mining Industry, 2010, vol. 2, no. 6, str. 406-412. 
[8] RICHELSEN, A. B. Elastic-plastic analysis of the stress and strain distributions in 
asymmetric rolling. Pregamon, 1997, vol. 39, no. 11, str. 1199-1211.  
[9] DAS BAKSHI, S., LEIRO, A., PRAKASH, B., BHADESHIA, H. K. D. H. Dry 
rolling/sliding wear of nanostructured bainite. Wear, 2014, vol. 316, str. 70-78. 
[10] TURK, R., KUGLER, G., TERČELJ, M., BOMBAČ, D. Preoblikovanje kovinskih 
materialov. Ljubljana : Naravoslovnotehnoška fakulteta, 2008, 181 str. 
[11] HIROFUMI, I. Texture Control of Aluminum and Magnesium Alloys by the 
Symmetric/Asymmetric Combination Rolling Process. Materials Science Forum, 2012, vol. 
702-703, str. 68-75. 
65 
 
[12] TZUO, G. -Y. Relationship between frictional coefficient and frictional factor in 
asymmetrical sheet rolling. Journal of Materials Processing Technology, 1999, vol. 86, str. 
271-277. 
[13] CHEON, B. -H., KIM, H. -W., LEE, J. -C. Asymmetric rolling of strip-cast Al-5.5Mg-
0.3Cu alloy sheet: Effects on the formability and mechanical properties. Materials Science 
and Engineering A, 2011, vol. 528, str. 5223-5227.   
[14] KIM, K. -H., LEE, D. N., CHOI, C. -H. The deformation textures and Lankford values of 
asymmetrically rolled aluminum alloy sheet. Proceedings of the Twelfth International 
Conference on Textures of Materials, str. 755-760. 
[15] SPAIĆ, S. Fizikalna metalurgija: binarni sistemi, metalografija zlitin. Ljubljana: 
Naravoslovnotehniška fakulteta, Oddelek za materiale in metalurgijo, 2000, 365 str. 
[16]  Portevin-Le Chatelier effect [online]. Wikipedia : free encyclopedia, 2017, last edited 
24. 11. 2017 [citated 11. 1. 2018]. Accessible on world wide web: 
<https://en.wikipedia.org/wiki/Portevin%E2%80%93Le_Chatelier_effect>  
[17] WRONSKI, S., BACROIX, B. Microstructure evolution and grain refinement in 
asymmetrically rolled aluminium. Acta Materialia, 2014, vol. 76, str. 404-412. 
[18] SIDOR, J., MIROUX, A., PETROV, R., KESTENS, L. Microstructural and 
crystallographic aspects of conventional and asymmetric rolling processes. Acta Materialia, 
2008, vol. 56, str. 2495-2507.  
[19] HAN, J. -H., SUH, J. -Y., OH, K. H., LEE, J. -C. Effects of the deformation history and 
the initial textures on the texture evolution in an AL alloy strip during the shear deforming 
process. Acta materialia, 2004. vol. 52, str. 4907-4918. 
[20] LEE, J. -K., LEE, D. N. Texture control and grain refinement of AA1050 Al aloy sheets 
by asymmetric rolling. International Journal of Mechanical Sciences, 2008, vol. 50, str. 869-
887. 
[21] ROLLETT, T. Texture components and Euler angles. Carnegie Mellon, 2016, 27-750.   
[22] AALCO METALS LTD. Aluminium Alloy 5454 – ʹOʹ and H111 Sheet. 25 High Street, 
Cobham, Surrey KT11 3DH. 2016-01-11, 2 str. 
[23] TU Clausthal 12” waltzgerüst [online]. Institut für metallurgie Abteilung 
Werkstoffumformung, 2018 [citated 14. 5. 2018]. Accessible on world wide web: 
66 
 
<https://www.imet.tu-clausthal.de/abteilungen/werkstoffumformung-
palkowski/ausstattung/anlagen/12-walzgeruest/> 
[24] Standard Test Methods for Tension Testing of Metallic Materials. ASTM International 
E8/E8M – 09:2010. 27 str.  
[25] Standard Test Method for Plastic Strain Ratio r for Sheet Metal. ASTM International E 
517 – 00:2005. 8 str. 
[26] ZUPANIČ, F., ANŽEL, I. Gradiva. Maribor : Fakulteta za strojništvo, 2007, 287 str. 
[27] ŽUNKOVIČ, E. Vrstična elektronska (SEM) in elektrokemijska (SECM) mikroskopija : 
seminarska naloga. Ljubljana, 2011, 15 str. 
[28]  SAMARDŽIJA, Z. Osnove metod SEM in AFM za preiskave površin. Vakuumist, 2004, 
vol. 24, str. 4-12.   
[29]  MAITLAND, T., SITZMAN, S. Electron Backscatter Diffraction (EBSD) Techniques 
and Materials Characterization Examples. Scanning Microscopy for Nanotechnology 
Techniques and Applications, 2007, vol. 14, 41-75. 
 
